Aortic root diameter (AoD) increases with aging and is related to body size. AoD is also presumed to increase in hypertension. In prior studies, however, after adjusting for age and body size, AoD did not differ between hypertensive and normotensive (NT) individuals. Hypertension is a heterogeneous condition with various subtypes that differ in pathophysiology and age distribution. We assessed whether AoD differs among subjects with the various subtypes of hypertension and nonhypertensive individuals.
The central aorta dilates with advancing age in both humans 1 and nonhuman primates. 2 The age-associated increase in aortic root diameter (AoD) is explained based on the physical principles of material fatigue and fracture, where exposure to repeated cyclic stretching results in thinning, splitting and fragmentation of the elastin fibers within the aortic media. 3, 4 Traditionally, chronic exposure to high intra-arterial pressures in hypertension is thought to accelerate elastin breakdown, and is therefore thought to further promote the age-associated proximal aortic dilatation. 4, 5 However, previous studies have found that after adjusting for age and body size, AoD did not differ between normotensive (NT) and hypertensive individuals, [6] [7] [8] [9] [10] or was even smaller in the latter. 11, 12 In most of these studies, [6] [7] [8] [9] [10] [11] the various subtypes of hypertension, i.e., isolated systolic (ISH), isolated diastolic (IDH), and systolicdiastolic (SDH) hypertension were combined into a single group. Distinguishing among these subtypes may be important since the prevalence of each subtype varies according to age, 13 and because they each result from differing underlying pathophysiologies. 14 Accordingly, the aim of this analysis was to compare AoD between NT individuals and subjects with the various subtypes of hypertension while accounting for age and body size.
METhOdS
Study population. The study population comprised 1,256 volunteers from Taiwan, aged 30-79 years (48% women, 48%
articles Aortic Root Diameter in Subtypes of Hypertension hypertensive), none of whom were on antihypertensive medications. All participants underwent a cardiovascular evaluation; which included taking a complete medical history and conducting a physical examination, and a transthoracic echocardiography as previously described. 15 All participants were free from diabetes mellitus, angina pectoris, and peripheral vascular disease, and showed no clinical or echocardiographic evidence of other significant cardiovascular disease. Specifically, the study subjects were free from congenital heart disease (including bicuspid aortic valve) and from significant valvular abnormalities (including valvular regurgitation, stenosis, or calcification that was more than mild in severity). All participants gave informed consent and the study was approved by the institutional review boards.
Definition of blood pressure groups. Hypertension was defined as a value of systolic blood pressure (SBP) ≥140 mm Hg or diastolic blood pressure (DBP) ≥90 mm Hg. Using the cutoff values given by the Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure, 16 the study population was stratified into five blood pressure (BP) groups: 
Definition of variables.
Anthropometric and BP variables: Body surface area (BSA) was estimated from measured height and weight using the formula (BSA (m 2 ) = 0.007184 × height (cm) 0.725 × weight (kg) 0.425 ) and body mass index was calculated as (body mass index (kg/m 2 ) = weight (kg)/height (m) 2 ). Brachial SBP and DBP were measured in the sitting position with conventional sphygmomanometry using an appropriately sized cuff. Reported BPs represent the average of at least two consecutive measurements. Brachial pulse pressure was calculated as (SBP − DBP), and mean arterial pressure was calculated as (DBP + (pulse pressure/3)).
AoD: All subjects underwent transthoracic echocardiography by the same experienced sonographer using a HewlettPackard Sonos 500U system (Hewlett-Packard, Andover, MA) equipped with a 2.5 MHz transducer. AoD was measured at end-diastole at the level of the sinuses of Valsalva using 2D guided M-mode echocardiograms as previously described. 15 AoD measurements were made in triplicates and the average was used in the analyses. Consistent with previous studies, 17, 18 preliminary analyses in our cohort showed that age and BSA were the most important determinants of AoD, and that after adjusting for age, AoD correlated more strongly with BSA (partial correlation coefficient (r′) = 0.45) than with height (r′ = 0.39), weight (r′ = 0.41), or body mass index (r′ = 0.20) (P < 0.001 for all correlations). Therefore, to account for individual differences in body size, aortic diameter index (AoDi) was calculated by indexing AoD to BSA (AoDi = AoD/BSA).
Statistical analysis. All analyses were performed separately for men and women with SPSS 14.0 (SPSS, Chicago, IL). Correlations between variables were assessed with Pearson's correlation coefficient (r). Group profiles were compared with Student's t-test, or with analysis of variance followed by the application of Bonferroni's multiple comparison method at a significance level of 0.05. Adjusted comparisons were performed by including the variable of interest as a covariate, in the analysis of variance models. Data are presented as mean ± s.d. unless otherwise specified. Statistical significance was inferred for P < 0.05. Table 1 summarizes the anthropometric and hemodynamic profiles of men and women in the different BP groups. In both men and women, on average, the ISH group presented with the highest age among all BP groups and the IDH group had the lowest age among the hypertensive groups. In both sexes, BSA in the NT group was lower than in the PH, IDH, and SDH groups; and BSA in the ISH group was lower than in the other two hypertensive groups. In both men and women, SBP gradually increased from the lowest values in the NT group to progressively higher values in the PH, IDH, and ISH groups, to the highest values in the SDH group. In both sexes, DBP and mean arterial pressure were lowest in the NT group and highest in the SDH group, and pulse pressure was highest in the ISH group.
The relationship of Aod with age and BSA
When the entire cohort was considered, on average, AoD measured 31.9 ± 3.5 mm in men and 28.9 ± 3.5 mm in women. As illustrated in Figure 2a , AoD increased with advancing age at an overall average rate of 2% per decade in men (r = 0.25, P < 0.0001) and 3% per decade in women (r = 0.30, P < 0.0001). Similarly, AoD increased with increasing BSA in both men (r = 0.19, P < 0.0001) and women (r = 0.22, P < 0.0001) (Figure 2b ). As shown in Table 2 , there were significant correlations between AoD and all indices of BP in both the sexes.
Comparisons of Aod
Comparisons between hypertensive and nonhypertensive subjects. Hypertensive subjects (from IDH, ISH, and SDH groups combined) had larger AoD values than nonhypertensive individuals (from NT and PH groups combined) in both men (32.7 ± 3.4 mm vs. 31.2 ± 3.4 mm, respectively, P < 0.0001) and women (29.7 ± 3.4 mm vs. 28.0 ± 3.3 mm, respectively, Comparisons among the five BP groups. When subjects were stratified according to the five BP groups, in men, AoD in the three hypertensive groups (IDH, ISH, and SDH) was 6% larger than in the NT group, and AoD in the SDH group was 5% larger than in the PH group (all P < 0.05). In women, AoD in the ISH group was 10% larger than in the NT group and 6% larger than that in the PH group, and AoD in the SDH group was 8% larger than in the NT group and 4% larger than in the PH group (all P < 0.05). Thus, subjects from all hypertensive groups in men and from groups with systolic hypertension in women had larger AoD values than those in the NT group (Figure 3a) . The effects of adjusting for age while comparing AoD values among the different BP groups are illustrated in Figure 3b . In men, after adjusting for age, AoD in the SDH group remained larger than in the NT and PH groups, and AoD in the IDH group was now larger than in both NT and PH groups. However, age-adjusted AoD in the ISH group was no longer larger than in the NT group in men. In women, ageadjusted AoD in ISH and SDH groups remained larger than in the NT group, but were no longer larger than in the PH group. In both men and women, when AoD was indexed to BSA, ISH was the only hypertensive group that exhibited a higher AoDi than that of the NT group (Figure 3c) . Importantly, these differences were no longer significant when AoDi was further adjusted for age (Figure 3d) . These results were not altered when we repeated the comparisons of AoD among the five BP groups for both men and women while adjusting for (i) age and body mass index, or (ii) age, height, and weight.
diSCuSSiON
In this study, which was conducted in a large cohort of individuals with a broad age range, AoD was compared among NT, PH, and untreated hypertensive subjects who were further stratified into the various subtypes of hypertension. We found that individuals from all hypertensive groups in men and those with systolic hypertension in women had larger AoD values than their NT counterparts. However, after accounting for age and BSA, there were no significant differences in AoD among the five BP groups.
Previous comparisons of Aods between hypertensive and NT subjects
Traditional views hold that hypertension leads to proximal aortic dilatation by accelerating the age-associated fracture of elastin fibers in the aortic media. 4, 5 However, data from BSA, body surface area; DBP, diastolic blood pressure; HR, heart rate; MAP, mean arterial pressure; PP, pulse pressure; SBP, systolic blood pressure. *P < 0.0001; † P < 0.001; ‡ P < 0.05.
articles Aortic Root Diameter in Subtypes of Hypertension previous studies, which assessed either end-diastolic or endsystolic AoD using various methodologies, [6] [7] [8] [9] [10] [11] do not corroborate this view. Dunn et al. compared end-systolic AoD (indexed to BSA) between hypertensive (n = 31) and control (n = 14) subjects and, even without adjusting for age, found no differences between the two groups, likely reflecting the relatively narrow age range of the subjects (22-50 years) in their study. 6 Similarly, Savage et al. compared AoD between hypertensive (n = 234) and NT (n = 134) subjects in a cohort with a broader age range (19-70 years) and found that after accounting for age and BSA, AoD did not differ among the BP groups. 7 In a large autopsy series that included both Caucasian and Chinese subjects, Virmani et al. also found that after adjusting for age, height, and weight, aortic root circumference did not differ between NT and hypertensive subjects. 9 Kim et al. compared AoD at four different levels (annulus, sinuses of Valsalva, supra-aortic ridge, and ascending aorta) between sex-and age-matched NT and hypertensive subjects (n = 110 each), and found that after indexing AoD to BSA, the groups had similar AoD at all measured levels. 10 In another study, Palmieri et al. found that after adjusting for age and BSA, hypertensive subjects (n = 2,096) had significantly smaller AoD compared to the NT individuals (n = 361). 11 In that study, 11 a subgroup analysis showed that hypertensive subjects with suboptimal BP control (defined as DBP ≥90 mm Hg), on average, had larger AoD compared to NT controls, whereas optimally treated hypertensive subjects had smaller AoD compared to NT controls. It is important to note that hypertension is a heterogeneous condition composed of subtypes with differing underlying pathophysiologies: ISH and IDH are considered to result from a predominant rise in central arterial stiffness and peripheral vascular resistance, respectively, whereas SDH is thought to arise from a concomitant increase in both central arterial stiffness and peripheral vascular resistance. 14 Moreover, with increasing age, ISH becomes more prevalent, whereas the prevalence of IDH decreases. 13 Therefore, we sought to assess whether blending of the various subtypes of hypertension into a single group in the previous studies [6] [7] [8] [9] [10] [11] could explain the discrepancy between the traditional viewpoint and the results of the aforementioned studies.
Aod in the subtypes of hypertension
In a substudy of the Systolic Hypertension in the Elderly Program, Pearson et al. did not find any differences in AoD between NT individuals (n = 55) and those with ISH (n =104), all of whom were 60 years of age or older. 8 But, contrary to the traditional view, in a study of middle-aged and older individuals, Mitchell et al. found that subjects with systolic hypertension had a smaller "effective" aortic diameter than NT controls. 12 However, that study was criticized for relying on calculated, rather than measured, aortic diameter. 19 In the present study, we compared directly measured AoD among subjects grouped under the various subtypes of hypertension and nonhypertensive individuals. We also subdivided the nonhypertensive group into NT and PH because they have been shown to possess differing cardiovascular and hemodynamic characteristics. 20 We first replicated the results of the previous studies [6] [7] [8] [9] [10] by showing that, even though hypertensive subjects (from IDH, ISH, and SDH groups combined) had larger unadjusted AoD than nonhypertensive individuals (from NT and PH groups combined), after accounting for BSA and age, AoDi did not differ between the two groups. Next, we found that, in unadjusted comparisons, each hypertensive group in men and those with systolic hypertension in women had larger AoD than their NT counterparts. Adjusting AoD for age alone mostly affected the comparisons of AoD among nonhypertensive groups vs. the ISH group (Figure 3b) , which had the highest age among all BP groups. By contrast, indexing AoD to BSA mostly affected the comparisons of AoD among the nonhypertensive groups vs. the groups with diastolic hypertension (IDH and SDH, Figure 3c ), which had higher BSA values than ISH and NT groups. Clearly, these results reflect the differences in age and BSA among the various subtypes of hypertension ( Table 1) . However, differences in AoD among the five BP groups were no longer present when age and BSA were both taken into account.
Thus, our study extends the findings of the previous studies by showing, for the first time, that, after accounting for age and BSA, AoD does not differ between NT and hypertensive individuals, even when the various subtypes of hypertension are examined separately.
The results of our study should be interpreted in light of certain limitations. Aortic root measurements were only performed at a single level. However, Kim et al. found that, after indexing aortic diameters to BSA, the level of the aorta at which the diameter was measured did not affect the comparisons of aortic diameters between NT and hypertensive subjects. 10 In addition, the study cohort was drawn from a population in Taiwan, with epidemiologic features, and dietary and exercise habits that may be different than Caucasian populations. Nevertheless, our results are comparable to those obtained in studies which included mostly Caucasian populations. [6] [7] [8] [9] [10] Therefore, our findings are unlikely to be related to differences in study population or measurement techniques. However, given the inherent limitations of a cross-sectional study, our findings require confirmation in longitudinal studies.
In conclusion, our findings suggest that, even when the various subtypes of hypertension are considered separately, age and body size, rather than BP status, account for the apparent differences in AoD between NT and hypertensive individuals. Longitudinal studies are needed to confirm these results. linear dimension. This geometric difference is important for scaling body proportions. 5 In fact, the relation between aortic root and BSA is not linear but quadratic. In other words, aortic root diameter is linearly related to the square root of BSA, not to its raw value. The consequence of this geometric error of assuming as linear relations that are not linear, can be also visually appreciable. Thus, in the right tail of a normal distribution, small differences in BSA are associated with disproportionately greater differences in aortic root, whereas in the left tail larger differences in BSA are associated with disproportionately smaller differences in aortic root dimension.
The investigators of the Framingham Heart Study 3 compared body size correlates of aortic root in men and women, and reported inconsistent results, depending on what parameters were used to normalize for body size. Thus, the Framingham investigators found that the greater aortic root dimension in men was confirmed when normalization for body size was obtained by dividing for height or body mass index, whereas women exhibited unexpected greater aortic root dimension than men when dividing by body weight or BSA. Interestingly, no type of normalization could achieve similarity between genders. A possible explanation of this body size-related inconsistency might be found in the complex interrelations between body composition (i.e., fat-free mass and adipose tissue) and cardiac geometry and performance, highlighted in a number of studies, and suggesting that, similar to what is demonstrated for left ventricular (LV) mass or cardiac output, when BSA is used without accounting for the abnormal body composition in overweight and obese subjects, this normalization might underestimate the raw value by overadjusting for adipose mass.
Farasat et al. 2 found that when only age was considered as a potential confounders, due to the well known effect of aging on arterial stiffness, only elevation of diastolic BP was associated with greater aortic root dimensions, evident both in the group with IDH and in that with combined SDH. This was evident especially in men, for the relevant statistical difference between subjects with ISH and both IDH and SDH. Interestingly, this difference was not seen in women.
When aortic root was normalized for BSA, 2 the value was tracked down by the highest values of BSA in the groups with diastolic hypertension, which were more obese. This was more evident among women, who exhibited a prevalence of obesity of 27% in the IDH and of 19% in the SDH, compared with 3%
